Introduction
============

Hypoxia-inducible factor-1α (HIF-1α) is involved in tumour angiogenesis, metastasis and promotes tumour growth by regulating gene transcription. Moreover, HIF-1α overexpression is an important prognostic factor in malignant tumour development. These features make it an attractive target of new cancer therapeutics \[[@b1], [@b2]\]. Various factors control the cellular levels of HIF-1α protein \[[@b2], [@b3]\]. The intracellular oxygen pressure is a major regulator of HIF-1α protein degradation. At normoxia, hydroxylation of HIF-1α by prolyl hydroxylases, which are inhibited at hypoxia, facilitates its proteasome-dependent degradation. Consequently, the protein HIF-1α is almost undetectable in most normoxic tumour cells whereas hypoxia enhances its accumulation \[[@b4]\]. In addition, growth factors such as epidermal growth factor (EGF) and insulin-like factor (IGF) can stimulate HIF-1α protein production, principally through translation promotion *via* both phosphatidylinositol-3-kinase (PI3K)-Akt and p42/p44 mitogen-activated protein kinase (MAPK) pathways and their downstream translation factors including 4EBP1 and p70s6k \[[@b5]--[@b7]\]. Noticeably, hypoxia and overactivation of both PI3K-Akt and MAPK pathways occur commonly in solid tumours.

Vascular endothelial growth factor (VEGF) is a strong proangiogenic factor that is essential to the initiation and progression of tumour angiogenesis including growth and migration of endothelial cells and tube formation \[[@b8]\]. The VEGF gene is one of the major transcription target genes of HIF-1α, and on the other hand VEGF expression can also be promoted upon activation of both PI3K-Akt and MAPK pathways. As a result, there are high levels of basal VEGF secretion in solid tumours, even at normoxic conditions \[[@b9]--[@b12]\].

In this study, we demonstrate that the novel topoisomerase II (Top2) inhibitor 4-ethyl-2,5,11-trimethyl- 4,13,19,20-tetraoxa-tricyclo \[14.2.1.1(7,10)\] eicosane-3,12- dione (MFTZ-1) (Fig. S1) \[[@b13]\] blocked both constitutive and inducible HIF-1α accumulation and in particular, inhibited VEGF secretion in HIF-1α-dependent and -independent manners. All these are further identified to be because of arresting both the PI3K-Akt and MAPK pathways. Consequently, MFTZ-1 combated angiogenic events in all examined conditions, which was independent of its Top2-targeted effect.

Materials and methods
=====================

Compounds and antibodies
------------------------

MFTZ-1 was isolated from an endophyte streptomyces sp.Is9131 of M. hookeri as previously reported \[[@b14]\] and its purity is greater than 95%. The compound was dissolved in dimethylsulfoxide (DMSO) at 0.01 M and stored at --80°C. Just prior to each experiment, it was diluted with sterile normal saline to desired concentrations. The final DMSO concentration did not exceed 0.01% (v/v). LY294002 and U0126 were purchased from Sigma-Aldrich (St. Louis, MO, USA) and epoxomycin and MG132 were obtained from Merck (Whitehouse Station, NJ, USA). The primary antibody for HIF-1α was purchased from the BD Transduction Laboratories (San Jose, CA, USA). The primary antibodies for p-Erk (\#9101), Erk (\#9102), p-Akt (\#9272), Akt (\#9271), p-4EBP1 (\#9455) and p-p70S6K (\#9206) were purchased from Cell Signaling Technology (Danvers, MA, USA), respectively. The primary antibody for Top2α was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Second antibodies for rabbit IgG and mouse IgG were from Sigma-Aldrich.

Cell culture
------------

Human breast cancer MDA-MB-231 and MDA-MB-468 cells, colon cancer HCT116 cells, melanoma A375 cells, promyelocytic leukaemia HL-60 and the mitoxantrone-resistant variant HL-60/MX2, cervical cancer HeLa cells and non-small cell lung cancer A549 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were normally cultured with ATCC-required medium in a humidified atmosphere with 5% CO~2~ incubator at 37°C, except MDA-MB-231 cultured in an atmosphere incubator at 37°C (referred to as normoxic conditions). Hypoxia treatment was performed by putting cells in a CO~2~ Water Jacketed Incubator (Model 3110 series, Thermo Forma, Waltham, MA, USA) filled with a mixture of 1% O~2~, 5% CO~2~ and 94% nitrogen. Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical cord vein by 0.1% type I collagenase digestion at 37°C for 12 min. and identified with the specific endothelial cell marker von Willebrand factor monoclonal antibody (BD Biosciences, San Jose, CA, USA) by indirect immunofluorescence. HUVECs were grown in M199 medium supplemented with 20% fetal bovine serum (FBS), 30 μg/ml endothelial cell growth supplement (ECGS, Sigma), and 10 ng/ml EGF, 100 units/ml penicillin, and 100 μg/ml streptomycin (Life Technologies). The cells at three to six passages were used in the experiments \[[@b15]\].

Western blotting
----------------

Eighty per cent confluenced cells (5 × 10^5^ cells/well) were treated with 0.008 μM to 1 μM MFTZ-1 and/or other agents for the indicated times at hypoxic or normoxic conditions. The cells were collected and lysed in 1 × SDS gel loading buffer \[50 mM Tris-HCl (pH 6.8), 100 mM DTT, 2% SDS, 0.1% bromphenol blue, 10% glycerol\], and then boiled for 10--15 min. The same amounts of cell lysates were resolved on 10% SDS polyacrylamide gels, and the proteins were electrotransferred to Hybond-C nitrocellulose membranes (Amersham, Buckinghamshire, UK). The blots were incubated with the indicated primary antibodies, then washed and incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies. Immunoreactivity was visualized using the ECL Plus Western Blotting Detection System (GE Healthcare, Buckinghamshire, UK).

Conditioned medium and ELISA for VEGF
-------------------------------------

MDA-MB-231 cells were seeded in a six-well plate at a density of 5 × 10^5^ cells per well in L-15 medium supplemented with 10% FBS and 2 mM glutamine. After attachment, the medium was replaced with 1 ml per well of fresh medium, and the cells were treated with MFTZ-1 (0.008, 0.04, 0.2 and 1 μM) or vehicle (0.01% DMSO), and then subjected to hypoxia or normoxia for 16 hrs. Cell supernatants were collected, clarified by centrifugation at 300 ×*g* for 5 min., and stored at --20°C. Simultaneously, cell pellets were harvested by trypsinization, and cell number was calculated with the Z1 Cell Counter (Beckman, Miami, FL, USA). The amount of VEGF in the supernatant was determined with a VEGF-ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manufacture's instructions. VEGF was calculated as picograms of VEGF protein per millilitre of medium per 105 cells. The figure shown VEGF secretion was expressed as fold-increase, and the baseline was the VEGF concentration of control, respectively \[[@b15], [@b16]\].

Reverse transcription-PCR (RT-PCR) and quantitative real-time RT-PCR
--------------------------------------------------------------------

After treatment of MDA-MB-231 (5 x10^5^ cells per well) with MFTZ-1 or vehicle (0.01% DMSO) at hypoxia or normoxia for 6 hrs, total RNA was isolated using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. RNA yield and purity were assessed by the spectrophotometric analyses. Total RNA (1 μg) from each sample was subjected to reverse transcription with random hexamer, deoxynucleoside triphosphates and Moloney murine leukaemia virus reverse transcriptase in a total reaction volume of 25 μl PCR was performed on cDNA with TaqDNA polymerase, de-oxynucleoside triphosphate, and the corre sponding primers. The following PCR primers synthesized by the Shanghai Research Center of Biotechnology, Chinese Academy sciences were used: Sense:5′-CCC CAG ATT CAG GAT CAG ACA-3′ and antisense: 5′-CCA TCA TGT TCC ATT TTT CGC-3′ for HIF-1α\[[@b15]\] Sense: 5′-TGA CGG GGT CAC CCA CAC TGT GCC CATC-3′ and antisense: 5′-CTA GAA GCA TTT GCG GTC GAC GAT GGA GGG-3′ for β-Actin \[[@b17]\]. An aliquot of each reaction mixture was analysed by electrophoresis on a 1.5% agarose gel. After being stained with ethidium bromide, the gel was photographed using GeneSnap Version 6.00 software (Syngene, Cambridge, England). The sequence for real-time PCR was: for HIF-1α: 5′-CTC AAA GTC GGA CAG CCTCA-3′ (sense) and 5′-CCC TGC AGT AGG TTT CTG CT-3′ (antisense); for β-Actin: Sense 5′-TGA CGG GGT CAC CCA CAC TGT GCC CATC-3′ and antisense: 5′-CTA GAA GCA TTT GCG GTC GAC GAT GGA GGG-3′\[[@b17]\]; for VEGF: 5′-TCT TCA AGC CAT CCT GTG TG-3′ (sense) and 5′-TCT CTC CTA TGT GCT GGCCT-3′ (antisense) \[[@b18]\]. The quantitative real-time RT-PCR was performed by TAKARA SYBR Premix EX Taq™. The reaction mixtures containing SYBR Green were composed following the manufacturer's protocol. The cycling program was 95°C 10 sec, 95°C 5 sec and 60°C 30 sec, followed by 39 cycles.

Small interference RNA (siRNA) transfection
-------------------------------------------

siRNA duplexes for Top2α RNA (sense: GGUAUUCCUGUUGUUGAAC) \[[@b19]\] and the HIF-1α siRNA (sense 5′-CUG AUG ACC AGC AAC UUG AdTdT-3′) \[[@b20]\] were synthesized by Shanghai GenePharma Co., Ltd. Transfection was done with Oligofectamine (Invitrogen) according to the manufacturer's instructions. Briefly, MDA-MB-231 cells were seeded into six-well plates and grown to 50--70% confluence before transfection. 100 μl OPTIMEM (Invitrogen) and 5 μl Oligofectamine were pre-incubated for 5 min. at room temperature. Then Oligofectamine were added to 4--5 μl of 20 μM siRNA (final concentrations of 80--100 nM) in 100 μl OPTIMEM and incubated for 20 min. at room temperature to allow complexes formation. The cells were rinsed with OPTIMEM to remove serum and incubated with the oligonucleotide duplexes in a total volume of 1 ml for 4--6 hrs at 37°C. Serum was then added back to the culture and the cells were incubated for the indicated time before starting an experiment.

Tube formation assays
---------------------

Tube formation of HUVECs was conducted to assay *in vitro* angiogenesis \[[@b21]\]. Briefly, a 96-well plate was coated with 60 μl of Matrigel (Becton Dickinson Labware, San Jose, CA, USA), which was allowed to solidify at 37°C for 1 hr. HUVECs (1×10^4^ cells per well) were seeded on the Matrigel and cultured in M199 medium containing different concentrations of MFTZ-1 (0.008, 0.04, 0.2, and 1 μM) or control \[0.05% DMSO (v/v)\] for 6 hrs. The enclosed networks of complete tubes from five randomly chosen fields were counted and photographed under a microscope (IX70, Olympus, Tokyo, Japan). The inhibition rate of tube formation was calculated by counting the junction (formed by ≥ 3 branch) number and using the following formula: \[1-(Junctions MFTZ-1/Junctions control)\]×100%. MFTZ-1 shows little cytotoxicity to HUVECs at the same conditions (data not shown).

To do hypoxia-induced tube formation assays, the plates were coated with 60 μl growth factor-reduced Matrigel at a concentration of 1 mg/ml (BD Biosciences). HUVECs (1.2 × 10^4^ cells per well) suspended with 0.5% FBS M199 medium were added to the Matrigel-coated plates in a final volume of 100 μl \[[@b22]\].

Endothelial cell migration assays
---------------------------------

HUVECs migration assays \[[@b23]\] were performed in a Transwell Boyden Chamber (Corning Inc., Corning, NY, USA) using a polycarbonate filter with a pore size of 8.0 μm coated with a 1% gelatin as previously reported.

Aortic ring assays
------------------

The aortas were harvested from 6-week-old Sprague-Dawley rats and flushed with M199 using a 21-gauge syringe. Each aorta was sliced into 1 mm slices, placed in 96-well plates containing 60 μl Matrigel, and incubated for 1 hr at 37°C to promote gelling. The aortic rings were fed with M199 with or without various concentrations of MFTZ-1 and photographed on day 6 \[[@b24]\].

Results
=======

MFTZ-1 reduces the cellular accumulation of HIF-1α protein
----------------------------------------------------------

Our previous study shows that MFTZ-1 has an averaged IC~50~ of 0.99 μM for the exposure duration of 72 hrs in MDA-MB-231 cells \[[@b13]\]. In this study, we found MFTZ-1 to be non- to sub-cytotoxic (growth inhibition \<20%*vs* control) to MDA-MB-231 cells in the range of 0.008 μM to 1 μM for 6 hrs and 16 hrs (data not shown). To examine whether MFTZ-1 decreases the level of cellular HIF-α protein, we used these concentrations of the compound to treat human cancer cells under various conditions. When human breast cancer MDA-MB-231 cells were exposed to hypoxia (1% O~2~), the level of HIF-1α protein first rose, peaked at the time-point of 6--16 hrs, and then came down ([Fig. 1A](#fig01){ref-type="fig"}). Treatment of the cells with MFTZ-1 in hypoxia led to concentration-dependent reduction of cellular HIF-1α protein ([Fig. 1B](#fig01){ref-type="fig"}). Similarly, MFTZ-1 also abrogated the accumulation of HIF-1α protein driven by the growth factors EGF ([Fig. 1C](#fig01){ref-type="fig"}), which are known to stimulate the expression of HIF-1α protein \[[@b5], [@b6], [@b25]\]. Moreover, the levels of HIF-1α protein at hypoxic conditions were diminished by MFTZ-1 in a panel of tumour cell lines with different tissues of origin including breast cancer MDA-MB-468, colon cancer HCT-116, lung cancer A549, melanoma A375 and cervical cancer HeLa cell lines ([Fig. 1D](#fig01){ref-type="fig"}). In addition, MFTZ-1 was not revealed to inhibit HIF-2α in SKBr3 and 786-O cells (Fig. S4; HIF-2α was undetectable in MDA-MB-231 cells under the same condition). All these substantiate a universal reduction of HIF-1α protein induced by MFTZ-1 under the complicated conditions including tumour cells with different tissues of origin, normoxia, hypoxia, and stimulation with growth factors, most of which occur in the human body.

![MFTZ-1 decreases HIF-1α protein accumulation. MDA-MB-231 cells were exposed to hypoxia for the indicated times (A), to hypoxia and gradient concentrations of MFTZ-1 for 6 hrs (B) and to pre-starved MDA-MB-231 cells were exposed to the indicated concentrations of MFTZ-1 for 4 hrs after stimulated by epidermal EGF (50 ng/ml) for 4 hrs at normoxia (C). (D) HC T116, A375, A549, MDA-MB-468 and HeLa cells were treated with the indicated concentrations of MFTZ-1 at hypoxia for 6 hrs. Then the cells were collected and detected for HIF-1α and β-Actin by Western blotting. All data shown were representative of three independent experiments.](jcmm0014-2281-f1){#fig01}

MFTZ-1 affects neither proteasome-mediated degradation nor transcription of HIF-1α
----------------------------------------------------------------------------------

The ubiquitin-proteasome system is critical for regulating the level of cellular HIF-1α protein in response to the change in oxygen pressure \[[@b4], [@b26]\]. To examine whether MFTZ-1 down-regulates HIF-1α protein *via* accelerating its proteasome-mediated degradation, we used two selective proteasome inhibitors MG-132 and epoxomycin to block the function of the proteasome pathway in MDA-MB-231 cells. Although both of the inhibitors increased the accumulation of HIF-1α protein at either normoxic or hypoxic conditions, neither of them reversed the MFTZ-1-triggered decrease of HIF-1α protein ([Fig. 2A](#fig02){ref-type="fig"}--C). Further RT-PCR analyses showed that MFTZ-1 did not decrease the level of HIF-1α mRNA ([Fig. 2D](#fig02){ref-type="fig"}). The results indicate that MFTZ-1 reduces the level of HIF-1α protein not because of interfering with the HIF-1α protein degradation or the transcription of HIF-1α mRNA.

![MFTZ-1 does not accelerate HIF-1α protein degradation or decrease the level of HIF-1α mRNA. MDA-MB-231 cells were treated with MFTZ-1 together with MG132 (A and B) or epoxomycin (C) under the indicated conditions. Then, the cells were collected and detected for HIF-1α and β-Actin by Western blotting. (D) MDA-MB-231 cells were treated with the indicated concentrations of MFTZ-1 at hypoxia for 6 hrs. Then the total RNA was extracted and RT-PCR analyses were done to detect the level of HIF-1α mRNA. Data shown were representative of three independent experiments.](jcmm0014-2281-f2){#fig02}

MFTZ-1 inhibits constitutive and inducible activation of both PI3K-Akt and MAPK pathways
----------------------------------------------------------------------------------------

Both the PI3K-Akt pathway \[[@b5], [@b25], [@b27], [@b28]\] and the MAPK pathway \[[@b6], [@b29]\] have been recently shown to control the translation of HIF-1α. To address whether PI3K-Akt and MAPK pathways involve the MFTZ-1-driven events, we first introduced both the PI3K inhibitor LY294002 (40 μM) and the MEK inhibitor U0126 (10 μM) into the MDA-MB-231 cells which Akt and p44/42 MAPK were constitutively activated and not influenced by the hypoxia. Of note, the introduction of either LY294002 or U0126 was capable of simultaneously preventing the accumulation of HIF-1α protein induced by both hypoxia and growth factors (EGF and IGF-1), accompanied by a reduction in activated Akt and Erk (Fig. S2A and B). All these critical events in hypoxia were imitated in a concentration-dependent way by addition of MFTZ-1 ([Fig. 3A](#fig03){ref-type="fig"}). Similarly, MFTZ-1 caused an apparent reduction in phospho-Akt, phospho-Erk, phospho-4EBP1 and phospho-p70s6k in MDA-MB-231 cells stimulated by EGF ([Fig. 3B](#fig03){ref-type="fig"}), accompanied by consistent diminution of HIF-1α protein ([Fig. 3A and B](#fig03){ref-type="fig"}). All these reveal that MFTZ-1 can inhibit both constitutive and inducible activation of both PI3K-Akt and MAPK pathways and may thus repress translation of HIF-1α protein. Additionally, we also found that MFTZ-1 did not affect other important signalling pathways such as JNK, p38MAPK, Hsp90, Hsp70, Hsp27 and NF-κB. (Fig. S3).

![Effects of MFTZ-1 on Akt and MAPK pathways in MDA-MB-231 cells. Cells were exposed to MFTZ-1 for 6 hrs at hypoxia (A), pre-starved MDA-MB-231 cells were exposed to MFTZ-1 for 4 hrs plus pre-stimulation with EGF (50 ng/ml) for 4 hrs at normoxia (B) before Western blotting analyses were done for the protein levels of HIF-1α, p-Akt, p-Erk1/2, p-p70s6k and p-4EBP1, Akt and Erk1/2. Data shown were representative of three independent experiments. (C) This scheme shows the relationship of Akt, Erk, p70s6k and 4EBP.](jcmm0014-2281-f3){#fig03}

Given either the PI3K-Akt pathway or the MAPK pathway is regulated by protein tyrosine kinases \[[@b30]\], it is thus likely that MFTZ-1-driven PI3K-Akt and MAPK-executed events result from its targeting these kinases. For this reason, we detected the impact of MFTZ-1 on several protein tyrosine kinases of concern including EGFR, FGFR1, ErbB2, KDR, c-Kit and c-Src by ELISA \[[@b31]\]. However, MFTZ-1 failed to significantly inhibit any of those tyrosine kinases activities (Table S1).

MFTZ-1 concurrently abrogates both inducible HIF-1α-dependent and constitutive HIF-1α-independent VEGF secretion
----------------------------------------------------------------------------------------------------------------

To detect whether the reduction of HIF-1α protein by MFTZ-1 changes the expression of HIF-1α-targeted VEGF gene, we used real-time RT-PCR to measure the levels of VEGF mRNA in MFTZ-1-treated MDA-MB-231 cells at hypoxia. The result showed that the hypoxia-induced enhancement of VEGF mRNA was reversed by MFTZ-1 ([Fig. 4A](#fig04){ref-type="fig"}).

![MFTZ-1 decreases VEGF secretion in MDA-MB-231 cells. (A) MFTZ-1 inhibited hypoxia-induced VEGF gene transcription (upper) and VEGF protein secretion (lower) in MDA-MB-231 cells. The cells were treated with the indicated concentrations of MFTZ-1 at hypoxia for 6 hrs (VEGF transcription) or 16 hrs (VEGF secretion). Then total RNA was isolated for VEGF transcription analyses by real-time PCR; or cell supernatants were collected and measured for VEGF levels by ELISA. (B) HIF-1α was silenced with 80 nM specific HIF-1α siRNA (siHIF-1α) in both mRNA (lower) and protein (upper) levels. HIF-1α protein was detected by Western blotting in MDA-MB-231 cells transfected with negative control (NC) or siHIF-1α duplexes. Twenty-four hours after transfection, cells were treated with or without MG132 for 4 hrs. Real-time RT-PCR was done to analyse the level of HIF-1α mRNA in MDA-MB-231 cells 24 hrs after transfection. (C) Specific down-regulation of HIF-1α with 80 nM siHIF-1α did not affect the effects of MFTZ-1 on VEGF transcription (upper) and secretion (lower) at normoxia. MDA-MB-231 cells were transfected with siHIF-1α or NC for 40 hrs. In the last 16 hrs of the transfection, the cells were treated with or without MFTZ-1. Then real-time RT-PCR and ELISA assays were done separately for detection of VEGF transcription and secretion. (D) Silencing HIF-1α (80 nM siHIF-1α) removed the hypoxia-induced increment of VEGF secretion, and MFTZ-1 reduced VEGF secretion of the siHIF-1α-transfected MDA-MB-231 cells at hypoxia. Cells were transfected with siHIF-1α for 40 hrs. In the last 16 hrs of the transfection, the cells were treated with or without MFTZ-1 at hypoxia. Then ELISA assays were done for detection of VEGF secretion. The data represent three independent experiments. Student's t-tests were performed to compare hypoxic control with normoxic control and each drug treatment with the hypoxic control in (A), to compare all other treatment with control in (B), (C) and (D). The significance was indicated as \* for *P* \< 0.05 and \*\* for *P* \< 0.01.](jcmm0014-2281-f4){#fig04}

Next, we examined the effect of MFTZ-1 on VEGF secretion. Hypoxia (1% O~2~) alone was noted to enhance the amount of VEGF secretion by 40% as compared with that in normoxia, which was in turn completely reversed by MFTZ-1 even at a concentration as low as 0.04 μM. With the concentrations increasing, VEGF secretion progressively decreased even down to 40% of the normoxic baseline level ([Fig. 4A](#fig04){ref-type="fig"}). The data suggest that MFTZ-1 abrogates VEGF secretion in both HIF-1α-dependent and -independent manners.

To confirm the HIF-1α independency of the MFTZ-1-induced decrease in VEGF secretion, we further used specific HIF-1α siRNA to knockdown the expression of HIF-1α ([Fig. 4B](#fig04){ref-type="fig"}). At normoxia, either treatment with HIF-1α siRNA or MFTZ-1 alone or treatment with MFTZ-1 after HIF-1α siRNA transfection caused no change in VEGF mRNA in MDA-MB-231 cells ([Fig. 4C](#fig04){ref-type="fig"}). However, MFTZ-1 dramatically blocked VEGF secretion regardless of the presence of specific HIF-1α siRNA, although HIF-1α siRNA alone did not reduce such secretion ([Fig. 4C](#fig04){ref-type="fig"}). Noticeably, at hypoxia, HIF-1α siRNA prevented the increase in the VEGF secretion driven by hypoxia ([Fig. 4A and D](#fig04){ref-type="fig"}), but did not rescue the reduction of the VEGF secretion caused by MFTZ-1 ([Fig. 4D](#fig04){ref-type="fig"}). All these substantiate that MFTZ-1 can antagonize inducible, HIF-1α-dependent VEGF secretion and concurrently reduce constitutive, HIF-1α-independent VEGF secretion.

MFTZ-1 combats angiogenesis both *in vitro* and *ex vivo*
---------------------------------------------------------

Previous reports show that compounds capable of reducing HIF-1α accumulation and VEGF secretion simultaneously inhibit angiogenesis directly \[[@b15], [@b32]\]. Also hypoxia-induced HIF-1α is essential for hypoxia-induced angiogenesis, especially tube formation \[[@b33]\]. To further investigate whether MFTZ-1 has anti-angiogenic effects, we employed a series of standard angiogenesis models. In the HUVEC tube formation assay, MFTZ-1 potently suppressed the cord formation of HUVEC stimulated by hypoxia ([Fig. 5A](#fig05){ref-type="fig"}) or serum at normoxia ([Fig. 5B](#fig05){ref-type="fig"}) at a concentration as low as 0.04 μM ([Fig. 1](#fig01){ref-type="fig"}). In term of endothelial migration, HUVEC chemotactically (20% FBS) moved from the upper side to the lower side of the membrane in the Boyden chamber \[[@b15]\]. MFTZ-1 repressed this process in a concentration-dependent manner ([Fig. 5C](#fig05){ref-type="fig"}). An *ex vivo* model further demonstrated that MFTZ-1 prominently prevented new microvessel outgrowth arising from rat aortic ring ([Fig. 5D](#fig05){ref-type="fig"}). All the experiments were manipulated with MFTZ-1 at its sub-cytotoxic concentration regimens (0.008 μM to 1 μM), the concentration of which is 10-fold lower than required for its targeting Top2 \[[@b13]\].

![MFTZ-1 inhibits angiogenesis. (A) MFTZ-1 inhibited hypoxia-induced HUVECs tube formation. HUVEC cells (1.2 × 10^4^) were incubated in M199 medium supplemented with 0.5% FBS at hypoxia for 10 hrs to form complete tubes. Treatment with MFTZ-1 abrogated hypoxia-induced tube formation. (a) Control; (b) 0.2 μM MFTZ-1; (c) inhibition rates of tube formation were calculated as in the section of Materials and Methods. Values were expressed as means; bars, ±S.D., *n*= 3. (B) MFTZ-1 inhibited serum-induced HUVECs tube formation. HUVEC cells (1 × 10^4^) were cultured in M199 medium supplemented with 20% FBS at normoxia with or without MFTZ-1. After incubation for 6 hrs at 37°C, capillary networks were photographed and quantified. (a) Control; b. 0.2 μM MFTZ-1; (c) inhibition rates were calculated and expressed as in (A). (C) HUVEC (5 × 10^4^) cells were cultured in a Transwell Boyden Chamber using a polycarbonate filter with a pore size of 8.0 μm coated with a 1% gelatin in serum-free M199 medium with or without MFTZ-1. For migration detection, 20% FBS were added into the lower chamber. After incubation for 6 hrs at 37°C, the migrated cells were photographed and quantified as described in Materials and Methods. (a) Control; (b) 0.2 μM MFTZ-1; (c) inhibition rates of HUVEC migration by MFTZ-1. Values are expressed as means; bars, ±S.D., *n*= 3. (D) MFTZ-1 inhibited new microvessel outgrowth arising from rat aortic ring. Data shown were representative of three independent experiments. Student's t-tests were conducted to compare drug treatment with each control, respectively, significance was indicated as \* for *P* \< 0.05 and \*\* for *P* \< 0.01.](jcmm0014-2281-f5){#fig05}

MFTZ-1 reduces HIF-1α protein and suppresses angiogenesis independent of its Top2 inhibition
--------------------------------------------------------------------------------------------

MFTZ-1 has been demonstrated to be a novel Top2 inhibitor \[[@b13]\]. To examine whether MFTZ-1-triggered reduction of HIF-1α protein is related to its Top2 inhibition, we employed specific siRNA to silence Top2α in MDA-MB-231 cells ([Fig. 6A](#fig06){ref-type="fig"}). Disruption of Top2α neither eliminated the hypoxia-induced HIF-α protein accumulation, nor reversed the MFTZ-1-mediated decline of HIF-α protein accumulation ([Fig. 6B](#fig06){ref-type="fig"}).

![MFTZ-1 reduces HIF-1α and inhibits tube formation in a Top2-independent manner. (A) Transfection efficiency of siRNA targeting Top2α (100 nM) in MDA-MB-231 cells. The cells were collected for Western blotting 36 hrs after transfection. (B) Silencing Top2α did not affect the MFTZ-1-mediated decrease in HIF-1α protein. After transfection with mock or Top2α siRNA for 36 hrs, the cells were moved to a hypoxia incubator and continued to be incubated with or without MFTZ-1(0.2, 1 μM) for 4 hrs before Western blotting was done. (C) MFTZ-1 reduced HIF-1α protein accumulation in HL60 and functional Top2-defective HL60/MX2. Cells were treated with indicated concentration of MFTZ-1 at hypoxia for 6 hrs. Then the cells were lysed and detected for HIF-1α and β-Actin by Western blotting. Data shown were representative of three independent experiments. (D) Transfection efficiency of Top2α (100 nM) siRNA in HUVEC cells. The cells were collected for Western blotting 36 hrs after transfection. (E) Silencing Top2α did not affect the MFTZ-1-mediated inhibition of HUVEC tube formation. After transfection with mock or Top2α siRNAs for 36 hrs, HUVEC cells (1.2 × 10^4^) in M199 medium with or without 1 μM MFTZ-1 were added to matrigel and continued to be incubated for 8 hrs at 37°C. Capillary networks were photographed. Data shown were representative of three independent experiments. (F) The separable activities of MFTZ-1 on angiogenesis and Top2.](jcmm0014-2281-f6){#fig06}

The result was further confirmed in HL60/MX2 cells that are defective for functional Top2 (*versus* the parental HL60 cells) \[[@b34], [@b35]\] ([Fig. 6C](#fig06){ref-type="fig"}). Furthermore, silencing Top2α in endothelial HUVEC cells did not exert obviously detectable effects on the ability of the cells to form microvessel-like tubes or on the suppression of tube formation by MFTZ-1 ([Fig. 6D](#fig06){ref-type="fig"} and E). All these collectively indicate that MFTZ-1 decreases the cellular accumulation of HIF-1α protein and inhibits angiogenesis in a Top2-independent fashion.

Discussion
==========

MFTZ-1 (14-Ethyl-2,5,11-trimethyl-4,13,19,20-tetraoxa-tricyclo \[14.2.1.1(7,10)\]eico- sane-3,12-dione) (Fig. S2), a novel macrolide compound isolated from *Streptomyces sp. Is9131,* displays potent *in vitro* and *in vivo* anticancer activities (13). Further study shows that MFTZ-1 functions as a novel non-intercalative Top2 inhibitor *via* binding to the ATPase domain of Top2α, characterized by its strong inhibition on the decatenation and relaxation of Top2α\[[@b13]\]. In this study, MFTZ-1 was further noted to universally block HIF-1α protein accumulation induced by hypoxia and by growth factors EGF in human tumour cell lines originated from different tissues. Moreover, MFTZ-1 antagonized both inducible HIF-1α-dependent and constitutive, HIF-1α-independent VEGF secretion.

In tumours, complicated factors including environmental O~2~ concentrations and growth factors control the level of HIF-1α protein \[[@b36]\]. Hypoxia, widely occurring in most solid tumours, increases cellular HIF-1α accumulation mainly *via* blocking O~2~-dependent and proteasome-executed degradation \[[@b3]\]. In this current study, both selective proteasome inhibitors MG132 and epoxomycin failed to rescue the MFTZ-1-triggered reduction of HIF-1α accumulation in hypoxic MDA-MB-231 cells, suggestive of the irrelevance to the proteasome-mediated degradation.

PI3K-Akt and MAPK pathways are overactivated in most tumours, which can be further enhanced by growth factors such as EGF and IGF, thus promote the activities of translation factors including p70s6k and 4EBP1, and increase the syntheses of multiple proteins including HIF-1α\[[@b7], [@b37]\]. In the present study, MFTZ-1 was encouragingly noted to inhibit both constitutive and inducible PI3K-Akt and MAPK pathway activation, reduce the basal and inducible syntheses of HIF-1α protein and consequently remove the increase in HIF-1α protein at normoxia, hypoxia and stimulation by growth factors. All these show that MFTZ-1-driven HIF-1α protein reduction under various conditions may well result from its inhibition on the constitutive and inducible activation of both PI3K-Akt and MAPK pathway.

The impact of MFTZ-1 on VEGF secretion seems much more complicated. On the one hand, HIF-1α functions as a critical transcription factor of the VEGF gene \[[@b36]\]. As such, it is reasonable to believe that the reduction of the inducible HIF-1α-dependent VEGF secretion trigged by MFTZ-1 is likely to be the consequence of HIF-1α reduction, as is evident from the fact that MFTZ-1 removed the inducible increment of VEGF mRNA. And when HIF-1α was knocked down by its siRNA, hypoxia could not induce VEGF secretion. On the other hand, the synthesis of VEGF protein is also under control of the translation factor eIF4E. The mRNA cap-binding protein, eucaryotic initiation factor 4E, is a rate-limiting factor of cap-dependent translation initiation of several proteins including VEGF. Phosphorylation of 4EBP1 promotes the dissociation of 4EBP1 from eIF4E and thus activates eIF4E \[[@b38]--[@b40]\]. Our findings that MFTZ-1 inhibits the constitutive activation of both PI3K-Akt and MAPK pathways and thus the phosphorylation of 4EBP1 highly imply that the arrest of MFTZ-1 on the constitutive HIF-1α-independent VEGF secretion is in both PI3K-Akt and MAPK-dependent manner. However, the result that MFTZ-1 failed to inhibit the tested protein tyrosine kinases that function upstream of the PI3K-Akt and MAPK pathways makes the question of how MFTZ-1 targets both these pathways open to be answered.

Dozens of anticancer agents with different anticancer molecular targets have been shown to inhibit HIF-1α by distinct mechanisms such as reducing mRNA levels, protein levels, DNA binding and transactivation of HIF-1α\[[@b2]\]. Most of them are only demonstrated to suppress accumulation or activity of HIF-1α protein at hypoxia. This would be a limited factor for their clinical use because of *in vivo* tumours facing the constantly changing environment. In this study, MFTZ-1 behaved distinctly from others by combating constitutive and inducible HIF-1α accumulation and reducing both inducible HIF-1α-dependent and constitutive HIF-1α-independent VEGF secretion, favouring its promising anti-angiogenic potency under more intractable conditions in cancer therapy.

Recently, a few Top2 inhibitors, including doxorubicin \[[@b41]\] and NSC644221 \[[@b42]\] have been shown to inhibit hypoxia-induced HIF-1α activity; particularly noted that NSC644221 abolishes hypoxia-induced HIF-1α-driven events in a cell type-specific and Top2-dependent manner. Such a potential link between HIF-1α and Top2 arouses our interest. However, the total irrelevance of MFTZ-1-driven HIF-1α-executed settings to its Top2 inhibition suggests that MFTZ-1, in a common sense, has a dual target of anti-angiogenesis and Top2 inhibition. With research giving insights into the structure-based activity of the class of this compound, it is hoped that targeting both anti-angiogenesis and Top2 inhibition in a separable manner might offer more appreciable therapeutic opportunities to the practical benefits ([Fig. 6F](#fig06){ref-type="fig"}).

This study was supported by the grant (No. 30721005) from the National Natural Science Foundation of China (NSFC). The authors have no conflicting financial interests.

Supporting Information
======================

###### 

MFTZ-1 does not inhibit c-Kit, EGFR, FGFR,ErbB2, KDR, c-Src kinase activities analysed by biochemicaltyrosine kinase assays in cell-free system \[23\]. The inhibitionrate (%) = \[1 \-- (A~492~/A~492\ control~)\] x100%.The inhibition rate in the table was the averages of threeindependent experiments. SU11248, GW374, SU5402, PP2 were used aspositive control.
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**Fig. S1** Chemical structure of MFTZ-1

###### 

**Fig. S2** The PI3K inhibitor LY294002 (**A, B**) and theMEK inhibitor U0126 (**A, B**) suppress Akt and MAPK pathwaysand the accumulation of HIF-1α protein in MDA-MB-231 cells.(**A**) Cells were treated with 40 μM LY294002 or 10 μMU0126 at hypoxia for 6 hrs before Western blotting analyses.(**B**) Cells were starved for 24 hrs, treated with 40 μMLY294002 or 10 μM U0126 for 4 hrs before stimulation with EGF orIGF for 4 hrs, and then collected for Western blotting.

###### 

**Fig. S3** MFTZ-1 does not affect JNK and p38MAPK pathways,Hsp family proteins, or the nuclear translocation ofNF-~k~B. (**A**) MDA-MB-231 cells were treated with theindicated concentrations of MFTZ-1 at hypoxia for 6 hrs. Then thecells were collected and detected for Western blotting. (**B**)MDA-MB-231cells were treated with MFTZ-1 in nomoxia, and the otheris the same with \'A\'. (**C**) MDA-MB-231 cells grown on glasscover slip treated with or without 1=μM MFTZ-1 for 6 hrs werefixed for NF-~k~B (P65) immunofluorescence. TNFα (10ng/ml) stimulation for 10 min. was a positive control forNF-~k~B translocation.

###### 

**Fig. S4** Effects of MFTZ-1 on HIF-1α *versus*HIF-2α. (**A**) MFTZ-1 decreased HIF-1αdramatically, but had little reduction on HIF-2α protein inSKBr3 breast cancer cells. In 786-O cells, MFTZ-1 also hadundetectable effect on HIF-2α protein. (**B**)Densitometry analysis of HIF-1α and HIF-2α levels in SKBr3 cells treated with MFTZ-1. The data were from three independent experiments.
